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Introduction
Acoustic mating signals are often important determinants of the boundaries of gene¯ow both within and among species. Long-distance acoustic mating signals are species-speci®c, at least for a given locality and season. The taxonomy of several acoustically communicating groups of organisms often relies on behavioral dierences exhibited in the long distance songs, usually termed`calling songs' that males sing to attract females. Crickets (Orthoptera, Gryllidae) provide some of the best known examples (Fulton 1952; Alexander 1957; Walker 1962 Walker , 1963 Weissman et al. 1980; Otte 1994) , but other acoustic groups such as cicadas Ethology 107, 1075Ð1085 (2001 Ó 2001 Blackwell Wissenschafts-Verlag, Berlin ISSN 0179±1613 (Marshall & Cooley 2000) , lacewings (Wells & Henry 1998) and frogs (Gerhardt 1994; MaÂ rquez & Bosch 1997) provide additional examples. Calling song is an intuitive species-level criterion because male song and female song recognition together largely de®ne the limits of gene¯ow. In crickets, several studies have shown that females prefer conspeci®c song (Walker 1957; Doherty & Callos 1991; (for an exception, see Doherty & Howard 1996) . However, calling song is not the only type of song that male crickets sing. In aggressive male±male interactions, males produce`aggressive' song, and in close-range male± female encounters, usually following female phonotaxis to calling song, males produce`courtship' song (Alexander 1961) . Courtship song is typically quieter than calling song and by comparison has been much less studied. It appears, however, that courtship song is a requirement for normal inducement of female mounting and subsequent sperm transfer (mating requires female cooperation in crickets). The mating success of experimentally muted but paired males is only a small fraction of the mating success of males allowed to produce courtship song (Crankshaw 1979; Libersat et al. 1994; Balakrishnan & Pollack 1996) .
In this paper, we quantitatively describe the courtship songs of two closely related North American ®eld crickets, Gryllus texensis Cade & Otte and Gryllus rubens Scudder. These species both live throughout the south-central to southeastern USAs, with an area of sympatry extending from eastern Texas to western Florida. Recent molecular phylogenetic work identi®es these two species as closest relatives (Huang et al. 2000) . Males are distinguishable by features of the calling song. G. rubens tends to produce trills with more pulses per trill than does G. texensis (D. A. Gray, pers. obs.), however, the best distinguishing feature is pulse rate: at 25°C, male G. texensis produce trills with an average pulse rate of about 80 pulses/s. At the same temperature, G. rubens trill at approximately 56 pulses/s (Walker 1998 (Walker , 2000 Martin et al. 2000) . Provided that the temperature is above approximately 20°C, the temperature-corrected pulse rates of these two species are distinct, with virtually no overlap. The divergence in calling song is sucient to allow females to behaviorally distinguish conspeci®cs with high certainty. Female G. texensis phonotactic response to conspeci®c calling song averages ®ve times the response to heterospeci®c song . Calling song dierences remain the only known means of distinguishing males; many females can be distinguished with reasonable accuracy based on the length of the ovipositor relative to body size (Gray et al. 2001) .
Several considerations motivated the present study. First, no detailed quantitative comparison of cricket courtship songs has ever been published (for qualitative comparative work, see Alexander 1961 and Leroy 1966 ; for quantitative non-comparative work, see Libersat et al. 1994; Balakrishnan & Pollack 1996; Wagner & Reiser 2000) . Second, because each is the closest relative of the other, any dierences in song represent divergence from a common ancestor. Examination of the divergence in courtship song relative to the divergence in calling song may provide insight into the relative roles of calling song and courtship song as pre-mating isolating mechanisms. Because most mating results from both female phonotaxis to calling song and subsequent acceptance of courtship song, we would a priori expect greater divergence in calling song. This is not a foregone conclusion, however. Both of these species can occur at such high abundance that some individuals undoubtedly encounter each other even in the absence of calling song (Cade 1979 (Cade , 1981 (Cade , 1989 Cade & Cade 1992 ; wherein G. texensis was studied under the name G. integer, see Cade & Otte 2000 ). Studies documenting species-level dierences in potential isolating cues (Hoy et al. 1988; Ritchie & Gleason 1995) are an important ®rst step in assessing pre-mating isolation. Finding signi®cant divergence does not demonstrate that a trait functions as an isolating mechanism, but a ®nding of minimal divergence precludes a signi®cant role for the trait as an eective isolating mechanism (Noor et al. 2000) .
Methods
The crickets used in this study were from laboratory stock reared in plastic tubs (37´32´17 cm) supplied with cat food, cardboard shelter, and water in cotton-plugged vials. G. texensis stock were derived from ®eld collections in Austin, Texas, in Sep. 1998; G. rubens stock were from ®eld collections in Marianna, Florida, in Sep. 1999. Cultures were maintained at 28 1°C on a 14-h/10 h light/dark cycle. Newly molted adults were removed daily and were housed in individual 500-ml plastic containers with the same provisions as above.
Individuals were transferred to a recording room at least 24 h prior to testing to allow for temperature acclimatization. Just prior to each trial, we removed the water bottle and cardboard shelter from the male's container, placed a conspeci®c female into the container and replaced the plastic lid with a screened lid. This container was then positioned in a recording chamber that was constructed by placing an approximately 20-l plastic pail that was lined with 2.54 cm thick corrugated foam within an 84-l plastic garbage can also lined with foam. The ambient temperature within the recording chamber was measured to the nearest 0.5°C using a Digi-Sense Type K Thermocouple Probe Thermometer (ColeParmer Instrument Corp., Vernon Hills, IL). The range of temperatures across recordings was 22±28°C (" x 23, mode 23). Song recordings were made using a LinearX M51 Precision Acoustic Measurement Microphone (10 Hz to 40 kHz 1 dB; LinearX Systems Inc., Tualatin, OR) connected to a TASCAM DA-P1 Digital Audio Tape Recorder (20 Hz to 20 kHz 1 dB; TASCAM America, Montebello, CA) set at mono, 48 kHz, 16-bit sampling, 20 kHz lowpass ®lter. The microphone was positioned 19 cm above the crickets.
We used Canary 1.2.4. bioacoustics software (Cornell Laboratory of Ornithology, Ithaca, NY, USA) to analyse the courtship songs (44.1 kHz and 16-bit sampling). Before analysis, we digitally high-pass-®ltered all recordings at 500 Hz to remove very low frequency noise not eliminated by the recording chamber. Filtering out sound below 500 Hz did not interfere with sound analysis because the minimum frequency of the courtship song is approximately 4.5 kHz (see Table 1 ). To calibrate amplitude measurements, a 5-kHz tone of known intensity (75 dB reference 20 lPa at 19 cm) was also recorded and analysed using the identical setup as used for this experiment. For analysis, a spectrogram of the 1077 Divergence in Cricket Courtship Song song was created using the following speci®cations: ®lter bandwidth of 683.89 Hz, Fast Fourier Transform of 256 points, and a clipping level of )15 dB.
Field cricket courtship song is a temporally structured sequence of pulses arranged in groups (see Fig. 1 ). We call the basic grouping of pulses a`phrase' of courtship song. Phrases are separated by a period of silence that we call thè interphrase interval'. A phrase of courtship song consists of two distinct types of sound, a series of lower frequency pulses of approximately 5 kHz that we call low frequency ticks' followed by a single high-frequency pulse that we call à high-frequency tick'. We measured nine characters of the courtship song (see Fig. 1 ). These were: the number of high-frequency (HF) ticks per second, hereafter`HF tick rate' measured as the reciprocal of the HF tick period (the time from the start of one HF tick to the start of the next HF tick); the number of low-frequency (LF) ticks per phrase; HF tick duration; HF tick peak amplitude; interphrase interval; LF tick peak amplitude; HF tick peak frequency; LF tick peak frequency; and LF tick rate. Most measurements were made using the`measurement panel' and`data log' capabilities of the software but the number of LF ticks per phrase was counted manually. We attempted to make 15 measurements per song character per male, however, fewer measurements were used in the instances when 15 were impossible (i.e. short recordings). We succeeded in taking 15 song measurements per song character for 39 of the 59 males recorded (66%), but could only make between ®ve and 14 measurements per song character for 16 males (27%); four males (7%) had very short recordings (less than ®ve measurements per song character). The median value of each song character for each male was used in the analysis.
Prior to statistical comparison, we corrected all songs for dierences in recording temperature to 25°C using the slopes from linear regressions of the song characters on temperature. Corrections were song character corrected to 25°C song character + slope * (recording temperature )25). We examined interspeci®c dierences for each of the song characters using the non-parametric Mann±Whitney U-test. Non-parametric analyses were used because several of the temperature-corrected song characters were not normally distributed (parametric tests, not shown, gave the same results). We attribute no biological signi®cance to the non-normality, in particular the apparent bimodality of the interphrase interval in G. texensis (see Fig. 6 , Results) is considered an anomaly of this sample. Two additional studies of the interphrase interval in G. texensis, each with sample sizes of over 100 individuals, both reveal unimodal normal distributions (Gray & Eckhardt, in press; D. A. Gray, K. Singh, & M. J. Fitzpatrick, unpubl. data) .
Results
Representative courtship songs are shown in Figs 2 and 3. Statistical comparisons are summarized in Table 1 . Seven of the nine characters measured were signi®cantly dierent between the two cricket species. G. texensis typically produced HF tick rates that were approximately twice as fast as those of G. rubens (Fig. 4) . This relationship was most likely due to G. rubens producing over 40% more LF ticks per phrase than did G. texensis (Fig. 5 ). G. texensis had longer interphrase intervals than G. rubens (Fig. 6) . The peak amplitude of G. texensis LF ticks was signi®cantly louder than that of G. rubens. G. rubens produced signi®cantly higher HF tick peak frequencies, whereas G. texensis produced signi®cantly higher LF tick peak frequencies. The HF ticks of the two species had similar durations and peak amplitudes. In the calling song, the pulse rate of G. texensis is signi®cantly faster than that of G. rubens (80 vs. 56 pulses/s, respectively, at 25°C). Similarly, in the courtship song, G. texensis had signi®cantly faster HF and LF tick rates than G. rubens (Fig. 7) . The courtship song LF tick rates were not the same as the pulse rates of the calling songs (G. texensis one-sample t-test LF tick rate vs. 80 pulses, t ±14.44, df 35, two-tailed p < 0.000; G. rubens one-sample t-test LF tick rate vs. 56 pulses, t ±3.36, df 22, two-tailed p < 0.003). 
Discussion
We have shown clear dierences between the courtship songs of these two species. Most of the song parameters are signi®cantly dierent between the species, and in general, G. rubens courtship song is slower than that of G. texensis. This dierence is in the same direction as the dierence in the calling song pulse rate but is not of the same magnitude. For most song characters there remains considerable overlap between the species. The most strongly separated courtship song characters are the number of LF ticks per phrase and the HF tick rate. For a given interphrase interval and LF tick rate, these song characters are necessarily strongly correlated. In our study, the source populations for both species were allopatric with respect to the other species. The use of allopatric sources of crickets was bene®cial in that it decreases the chance that any observed song similarity is due to past hybridization. Hybrids of these two species can easily be produced in the laboratory (Smith & Cade 1987; Cade & Tyshenko 1990; , but have not been observed in the ®eld (Walker 1998 (Walker , 2000 . The disadvantage of using crickets from allopatric populations is that it is possible that crickets from sympatry may show greater dierences in courtship song. This remains to be tested, however, we note that for G. texensis there is no dierence in calling song with respect to sympatry or allopatry with G. rubens .
We conclude that signi®cant courtship song dierences exist between G. texensis and G. rubens. The courtship song characters that best separate the species are the HF tick rate and the number of LF ticks per phrase. It is interesting to note that G. rubens has more LF ticks per phrase in the courtship song and, typically, has more pulses per trill in the calling song than does G. texensis. We do not know if quantitative genetic variation underlies the number of LF ticks per phrase in the courtship song, but we note that for G. texensis, the number of pulses per trill in the calling song does have a signi®cant additive genetic component (Gray & Cade 1999) . Overall, the divergence in courtship song does not generally match the divergence in the calling song pulse rates. This may be expected because species-level dierences in courtship song will typically, although not always, come into play only after female phonotaxis to calling song. Documenting the degree of interspeci®c variation is the ®rst step in assessing the potential importance of traits as isolating mechanisms; that this variation in¯uences female mating decisions remains to be demonstrated.
Our results with these two particular crickets may be of more general interest given the large numbers of acoustically communicating species distributed across several taxonomic groups. Long-range acoustic cues, although often showing high levels of intraspeci®c variation in some components (dynamic traits sensu Gerhardt 1991) , are likely to be subject to the constraints of providing speciesspeci®c identi®cation and ease of localization, which may often result in at least some song traits being relatively stereotyped (static traits sensu Gerhardt 1991) . In systems such as those of crickets, where close range courtship (acoustic or otherwise) precedes mating but temporally follows long-range taxis to speciesspeci®c cues, we might expect courtship to play an important role in intraspeci®c mate choice and a lesser role in interspeci®c discrimination. This generalization is likely to hold across both invertebrate and vertebrate taxa.
